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Abstract The impacts of environmental flow controls on
the water table and chemistry of groundwater in the Ejina
Delta, an arid inland river basin in northwest China, were
investigated with field observations in 2001 and 2009. The
results indicate that the shallow groundwater level rose by
0–2 m in the upper reaches of the east tributary of the
Heihe River and in the areas of Saihantaolai—Dalaikubu
during the period of environmental flow controls. The
chemical constituents of the groundwater show a distinct
spatial heterogeneity with the total dissolved solids (TDS)
in the groundwater increasing from the periphery towards
the depocenter of the Ejina Basin. In addition, the rate of
groundwater cycling in the south of the Ejina Delta
increased, and the mineralization of groundwater declined,
while the overall mineralization and salinity increased in
the northern regions, especially in the depocenter of the
Ejina Basin. Since shallow groundwater is important to the
ecology of arid regions, and because understanding
the changes in the shallow groundwater environment
(groundwater level and hydrochemistry) in response to
environmental flow controls is essential for the sustainable
improvement of the ecological environment, the results of
this paper can be used as a reference for watershed water
resources planning and management to help maintain the
health and proper function of rivers in arid regions.
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Introduction
The Ejina Basin is located in the lower reaches of the
Heihe River Basin (Fig. 1), the second largest inland river
in northwestern China. This region is characterized by a
continental climate that is extremely hot in the summer
and severely cold in the winter (Xie 1980). The dominant
landscapes of the Ejina Basin belong to the Gobi, which is
composed of wind eroded hilly land, desert, and alkaline
land. The little vegetation is distributed along the Heihe
River (Xie 1980; Feng et al. 2004; Akiyama et al. 2007)
and depends on shallow groundwater for sustenance.
However, in the past 50 years, increased water diversions
from the middle reaches of the Heihe River for irrigation
has triggered a series of ecological problems, including the
disappearance of the river and terminal lakes and a severe
decline of the groundwater table in the lower reaches of
the river (Gong and Dong 1998; Wang and Chen 1999;
Feng et al. 2004; Chen et al. 2005; Wang et al. 2005; Xi
et al. 2010). The vegetation cover is affected and con-
trolled by groundwater flow through its effects on the
regional soil moisture and salinity (Toth 1999). The
decline in the groundwater table has caused large areas of
vegetation die-off and has led to ecological deterioration
and desertification of the Ejina Oasis, which plays a pro-
tective role in blocking sandstorm in Northwest China (Du
et al. 2005).
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The ecological restoration of the Ejina Oasis will be
based on the improvement of the groundwater environment
(groundwater level and hydrochemistry) in the Ejina Delta,
which in turn depends on the infiltration of surface water.
Since the implementation of environmental flow controls
(the allocation of a certain amount of water to the lower
reaches in order to protect the Oasis from deterioration) in
the Heihe River in 2000 the shallow groundwater level in
the Ejina Delta has been restored at the local scale, and
vegetation in the Oasis has also recovered to a certain
extent (Zhao et al. 2007; Guo et al. 2009). The future
ecological restoration process for the Ejina Oasis should be
based on the comprehensive study of the changes in the
shallow groundwater table and water quality during the
period of environmental flow controls.
Several studies have documented the hydrochemical
characteristics and evolution of groundwater chemistry in
the Ejina Basin (e.g. Feng et al. 2004; Wen et al. 2005;
Zhang et al. 2005; Chen et al. 2006; Ma and Edmunds
2006; Su et al. 2007, 2009; Si et al. 2009; Zhu et al. 2010).
For example, Feng et al. (2004) investigated the distribu-
tion and evolution of water chemistry in the Heihe River
Basin and concluded that, since the 1960s large volumes of
river water diverted for irrigation have re-emerged as
springs at the edge of alluvial fans and then flowed into the
Heihe River. Because of repeated cycles of use for irriga-
tion and re-emergences in the middle reaches of the basin,
the level of mineralization in the river water has doubled.
Wen et al. (2005) investigated the hydrochemical charac-
teristics and salinity of groundwater in the Ejina Basin, and
the results indicated that groundwater in the area was
brackish with significant zonation in salinity and water
types from the recharge area to the discharge area. Chen
et al. (2006) performed an isotopic study on the recharge
and residence time of groundwater in the Heihe River
Basin. Su et al. (2007) documented the evolution of
groundwater chemistry in the Ejina sub-basin of the Heihe
River. Si et al. (2009) conducted a hydrochemical survey in
the Ejina Basin in order to identify the major hydrochem-
ical characteristics, and they concluded that groundwater in
the area is brackish. The major ions, TDS, and hydro-
chemical types in different areas are highly variable and
show a clear zonation from the recharge area to the dis-
charge area. However, the temporal and spatial variations
of the shallow groundwater table and hydrochemistry due
to the environmental flow controls in the Ejina Delta have
not been reported in the literature. This paper investigates
the current shallow groundwater environment in 2009 and
attempts to quantify the impact of environmental flow
controls on the dynamic changes of the groundwater level
and water quality based on field observations made in 2001
and 2009. Understanding the changes in the shallow
groundwater level and water quality after the implemen-
tation of environmental flow controls in the Ejina Delta
will provide a scientific basis for improving the present
ecological environment and preventing further deteriora-
tion. Thus, the results of this paper can be used as a ref-
erence for watershed water resources planning and
management to maintain the health and proper function of
the river in arid regions.
Description of study area
The Ejina Basin covers an area of 3 9 104 km2 in north-
west China, extending between latitudes 40200–42300N
and longitudes 99300–102000E (Fig. 1). The topography
of the basin inclines from southwest to northeast with an
average slope of 1–3%, and the surface elevation varies
from 1,127 m to 820 m above sea level (Xie 1980; Akiy-
ama et al. 2007). The Ejina Oasis is located along the
Heihe River, which flows through the Ejina Basin and
Fig. 1 Locations of study area
and groundwater sampling sites
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divides into two tributaries at Langxinshan. The two trib-
utaries of the Heihe River flow to the East and West Juyan
Lakes, respectively; the total length of the two tributaries in
the basin is about 240 km (Xie 1980). The Heihe River is
the main recharge source of the groundwater system, and
about 68% of the groundwater recharge in the Ejina allu-
vial fan is by vertical percolation from the Heihe River.
The mechanisms of groundwater discharge are evaporation
(more than 90% of the total discharge), transpiration, and
groundwater exploitation (Xie 1980; Wen et al. 2005; Si
et al. 2009; Xi et al. 2010).
The study area represents a regional geotectonic basin,
and the eastern edge of the basin is bounded by the hidden
Badain Jaran Desert Fault. The southern edge of the basin
lies along the fault of the Alashan uplift, while the northern
and western edges lie along bedrock of adjacent mountains.
The basement of the Ejina Basin is composed of Sinian (Z)
and Late Jurassic (J3) formations, and the basin is filled by
unconsolidated Quaternary (Q) sediments with a depth of
hundreds of meters (Fig. 2) that form an independent
aquifer system (Xie 1980; Wen et al. 2005; Si et al. 2009; Xi
et al. 2010). According to the hydraulic characteristics of
aquifer system in the study area, the regional Quaternary
aquifers vary from a unconfined gravel and pebble zone to a
multi-layered zone that consists of sand and silt (Xie 1980).
In the Ejina Oasis, the predominant vegetation, includ-
ing Populus euphratica, Tamarixramosissiman and So-
phora alopecuroides, mainly depends on groundwater for
sustenance (Zhao et al. 2007; Zhu et al. 2009). In recent
decades, over-extraction of groundwater has caused a
decline in the water table, such that large areas of P. eu-
phratica have withered, creating a highly visible symbol of
ecological change and desertification in the Ejina Basin.
Under the combined effect of climate change and human
activities, the groundwater table in the Ejina Basin con-
tinues to decrease, thus causing further degradation of
vegetation and the desertification of the Ejina Basin (Feng
et al. 2004). The identification of an ecologically sustain-
able groundwater table depth, which does not cause sali-
nization or desertification, is essential in order to restore
the ecological environment in these arid areas.
Materials and methods
In order to assess the current groundwater environment,
the depth of the groundwater table was measured in 80
wells between July and September, 2009 (Fig. 1). In
addition, 53 groundwater samples were collected in the
study area. The groundwater samples were obtained from
long-term observation wells and drinking wells with depth
of \12 m, which represent the shallow groundwater
environment. Chemical components, including HCO3
-,
CO3
2-, SO4
2-, Cl-, Ca2?, Mg2?, Na?, and ?K? were
measured at the Institute of Geographic Sciences and
Natural Resources Research, CAS. Anions such as SO4
2-
and Cl- were analyzed by ion chromatograph (IC), while
the HCO3
- anions were analyzed by titration (0.01 N
H2SO4). Cations were analyzed by inductively coupled
plasma (ICP). The total dissolved solids (TDS) are the
sum of the cations and anions in the water. Along with the
major ions water chemistry, water temperature, total
salinity, electrical conductivity (EC), and pH were used as
the main indicators in the analysis and evaluation of water
chemistry and its spatiotemporal evolution (Greiner 1997).
These were measured in situ using HANNA HI 98188
waterproof, portable Conductivity Meter, as well as
CyberScan PC300 Waterproof Portable pH/ORP/Conduc-
tivity Meters.
Results and discussion
Current depth of the shallow groundwater table
and hydrochemical characteristics
The statistics of the depth of the shallow groundwater table
and the chemical compositions of the water samples in the
study area are summarized in Table 1. Histograms of
groundwater table depth (H) and the hydrochemistry
characteristics of pH, salinity, and TDS are shown in
Fig. 3.
The measured groundwater table depth during the study
period ranged from 0.8 to 8.29 m, with an average value of
Fig. 2 Geologic cross-section
across the Ejina Basin (modified
from Xi et al. 2010). Q, J3, and
Z represent geologic formations.
Line of cross section A–A0 is
shown in Fig. 1
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3.39 m, a median of 2.91 m, and a coefficient of skewness
of 1.37, indicating a right skewed distribution (Fig. 3).
The pH, one of the primary indicators of the evolution of
water chemistry, generally exceeds 7, indicating an alka-
line nature. Both the mean and median values are 7.58. The
coefficient of variation of pH is 0.03 and the maximum and
minimum pH values are 8.74 and 7.08, respectively, indi-
cating a slightly spatial variation. The slightly alkaline
nature of the groundwater results from the extremely dry
conditions and the slow groundwater flow characteristics.
Salinity in shallow groundwater can also be affected by
groundwater runoff and evaporation. During the study
period the salinity of the shallow groundwater varied from
1.2 to 9.8%, and the coefficient of variation of salinity was
0.58 (Table 1), which indicates a relatively high variation.
In the study area, the shallow groundwater has a significant
Table 1 Statistical analysis of the depth of the shallow groundwater table (H, m) and chemical compositions of groundwater in the Ejina Delta
Parameter H
(m)
pH
(–)
Salinity
(%)
TDS
(mg/L)
Ca2?
(mg/L)
Mg2?
(mg/L)
Na? ? K?
(mg/L)
HCO3
-
(mg/L)
SO4
2-
(mg/L)
Cl-
(mg/L)
Number of samples 80 53 53 53 53 53 53 53 53 53
Minimum 0.80 7.08 1.20 499 10 8 64 146 51 74
Maximum 8.29 8.74 9.80 4,110 193 363 829 1,299 1,574 1,465
Mean 3.39 7.58 3.78 1,428 78 101 281 329 419 367
Median 2.91 7.58 3.10 816 64 68 246 270 276 257
Coef. of skewness 1.37 2.02 0.85 0.83 1.02 1.50 1.02 3.22 1.29 1.90
Standard deviation 1.56 0.26 2.18 570 44 77 181 186 373 297
Coef. of variation 0.46 0.03 0.58 0.60 0.56 0.76 0.64 0.56 0.89 0.81
Fig. 3 Histogram of the depth of the groundwater table (H), pH, salinity, and TDS in the Ejina Delta
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zonation in salinity along the regional flow direction from
the recharge area to the discharge area (Wen et al. 2005).
Accumulation of salinity occurs in shallow groundwater
during regional flow due to in situ reactions (Ingerbritsen
et al. 2006), and the highest salinity was observed at the
depocenter of the basin (discharge area), which is the area
most affected by evaporation.
The variation of TDS and major ions in shallow
groundwater is mainly affected by hydrological and litho-
logical factors, as well as recharge, runoff, and discharge
conditions (Xie 1980). The shallow groundwater TDS
ranged from 499 to 4,110 mg/L, with average and median
values of 1,428 and 816 mg/L, respectively (Table 1). This
indicates that the quality of the ground water varies widely
from fresh to saline. The major ions chemistry of the
groundwater in the study area varied spatially, with a
coefficient of variation [0.5.
The relationships among pH, salinity, and TDS of the
groundwater in the study area are shown in Fig. 4. A sta-
tistically significant linear relationship between salinity and
TDS is identified, with a coefficient of determination of
0.96. In contrast, the coefficient of determination between
pH and TDS is only 0.17.
The chemical composition of groundwater evolves
during regional flow, and this evolution can be generalized
by considering the water types that are typically found in
different zones of groundwater flow systems (Ingerbritsen
et al. 2006). In the study area, the evolution of the chemical
composition in the shallow groundwater is affected by
climate, hydrology, geomorphology, lithology, and other
comprehensive factors (Xie 1980). The dominant control-
ling factors of water chemistry vary from region to region.
The results of the water samples, plotted on a Piper
diagram, are shown in Fig. 5. The Piper diagram (Piper
1944) is a graphical representation of the chemistry of water
samples and is widely used to evaluate the hydrochemical
evolution of surface water and groundwater (Subrahman-
yam and Yadaiah 2001).The cations and anions are shown
by separate ternary plots. The apexes of the cation plot are
calcium, magnesium, and sodium plus potassium cations,
while the apexes of the anion plot are sulfate, chloride, and
carbonate plus hydrogen carbonate anions. The two ternary
plots are then projected onto a diamond (Piper 1944). As
shown in the Piper diagram, all the water samples locate in
the zone 4 (Fig. 5), indicating that the shallow groundwater
has characteristics of strong acids (SO4 and Cl) that exceed
weak acids (HCO3). The anion triangular diagram shows
that the shallow groundwater chemistry is characterized by
two groups. The first group is Cl-HCO3 or Cl type
groundwater, in which Cl accounts for 40–70%, and HCO3
5–40%, of the total anions. The second group is SO4-Cl-
HCO3 type groundwater, in which SO4 accounts for
40–60%, Cl 20–40%, and HCO3 5–40%, of the total anions
(Fig. 5). The shallow groundwater in the study area appears
to be dominated by the alkalis (Na ? K) over the alkaline
earths (Mg and Ca); Na ? K accounts for 25–70% of the
total cations, while Mg accounts for 20–50% and Ca
5–30%, of the total cations.
Spatial distribution of shallow groundwater table depth
and TDS
The depth of the shallow groundwater table in the study
area is mainly controlled by topography and the ground-
water runoff features. As shown in Fig. 6, the depth of the
shallow groundwater table varies from 2 to 4 m, except for
the northeastern portion of the basin, where the depth
is [4 m.
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Fig. 4 Relationships between
groundwater salinity, pH, and
TDS in the Ejina Delta
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Salt dissolution, deposition, ion exchange, evaporation
and other reactions cause groundwater to evolve from a
dilute calcium bicarbonate type in recharge areas toward a
more concentrated sodium chloride or calcium chloride
type (Feng et al. 2004; Wen et al. 2005; Si et al. 2009; Zhu
et al. 2010). The groundwater TDS has a corresponding
relationship with the major ions chemistry; the major ion
chemistry in the groundwater generally changes as the
groundwater TDS varies (Deutsch 1997).
The TDS of shallow groundwater in the study area has a
notable spatial heterogeneity, varying from 0.5 to 5 g/L.
Influenced by recharge, runoff, and discharge conditions,
the TDS values show distinct horizontal zonation from the
periphery towards the depocenter of the basin. As shown in
Fig. 6, the freshwater zone (TDS \ 1 g/L) is mainly dis-
tributed in the foreland of diluvial fan and some parts of the
riverbank, which have better recharge and cycling condi-
tions. The groundwater in this area belongs to the Cl-
HCO3-Mg-Na water type. The lightly saline water zone
(TDS = 1–3 g/L) is mainly distributed in the central part
and northern plain of the Ejina Basin, and the groundwater
chemistry in this area is the SO4-Cl-Mg-Na water type. The
saline water (TDS = 3–10 g/L) is distributed to the
northeastern of Dalaikubu and overlaps with the Quater-
nary sedimentary center (Fig. 6). This area has a low ele-
vation and is a discharge sector of the groundwater system
in the Ejina Basin. In addition, the existence of soluble-salt
deposits in a local aquifer system can have a profound
effect on groundwater chemistry. Dissolution of bedded
halite in this area leads to a large increase in sodium and
chloride (Xie 1980). The TDS value of the shallow
groundwater in this area is greater than 3 g/L, and the
groundwater belongs to the Cl-SO4-Na-Mg or Cl-SO4-Na
water type.
The impacts of environmental flow controls
on the shallow groundwater environment
As mentioned by Guo et al. (2009), the spatial distribution
of plant communities in the Ejina Oasis increased signifi-
cantly after watering in 2000. In order to study the impacts
of the environmental flow controls on the shallow
groundwater environment, which determines the ecological
restoration process, the changes in the depth of the
groundwater table and the hydrochemical constituents
between 2001 and 2009 were investigated.
Due to changes in surface hydrological processes and
groundwater exploitation, the groundwater table in the
Ejina Basin has markedly dropped in the past decades (Su
et al. 2007). Regional decline of the groundwater table in
the basin continues; however, a rise of the groundwater
table by 0–2 m was observed in the upper reaches of the
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east tributary and in the irrigated areas in the Ejina Oasis
(Saihantaolai—Dalaikubu) over the last 9 years because of
the environmental flow controls (Fig. 7). The local
increases in the groundwater table were also related to the
hydraulic engineering projects, which transport water to the
East Juyan Lake and the Ejina Oasis (Guo et al. 2009).
Mixing of river water with groundwater during the
period of environmental flow controls could also have an
influence on water chemistry. The average pH value of the
shallow groundwater decreased slightly from 7.9 in 2001 to
7.6 in 2009, while the average salinity doubled from 2001
to 2009 (Table 2). The average groundwater TDS value
increased by 79 mg/L due to the environmental flow con-
trols. Changes in the major ions chemistry showed that the
average concentration of Cl ions increased by 114 mg/L
(nearly 1.5 times higher), while the SO4 ions, on the other
hand, decreased by 175 mg/L (1.4 times lower; Fig. 8).
The average concentration of Na ? K ions increased
slightly (37 mg/L), while the average concentrations of
HCO3, Mg, and Ca ions decreased slightly (12–53 mg/L;
Fig. 8). The Piper diagram (Fig. 9) showed that some water
samples evolved from a SO4 water type in 2001 to a Cl
water type in 2009.
The river water has a lower TDS value than the shallow
groundwater in the study area (Wen et al. 2005). The
temporal variation of groundwater TDS implies the influ-
ences of the environmental flow controls on the chemical
constituents of the groundwater between 2001 and 2009.
As shown in Fig. 7, the groundwater TDS in the periphery
of the Ejina Delta (southern region) decreased by 0–1 g/L
from 2001 to 2009 due to the impact of the environmental
flow controls. In the northern Ejina Delta, in contrast, the
groundwater TDS increased, particularly in the depocenter
of the Ejina Basin (Dalaikubu), where it increased by
2–4 g/L from 2001 to 2009. The increasing in TDS resulted
from the dissolving action during groundwater flow from
the periphery to the depocenter of the basin. In addition, the
inappropriate exploitation of groundwater resources exac-
erbated the process of groundwater salinization in this
region to some extent (Su et al. 2007; Guo et al. 2009).
In addition, irrigation for vegetation protection in the
Ejina Oasis, the recurrent infiltration of surface water, and
subsequent fluctuations of the groundwater table caused
dramatic increases in the mineralization and salinity of the
shallow groundwater by leaching, dissolution of chemical
constituents, and ion-exchange. Salts are the most
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important factors affecting the growth of vegetation in this
arid area. These increases have had negative effects on the
ecological restoration of vegetation. Therefore, future
ecological restoration of the Ejina Oasis should be based on
the improvement of the ecological environment of the
entire Ejina Delta in the context of balancing the levels of
salt and water for the plant growth.
Conclusions
The impacts of environmental flow controls on the
groundwater table and chemistry in the Ejina Delta,
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Table 2 Statistical analysis of the chemical compositions of groundwater in the Ejina Delta in 2001 and 2009
Year Number of
samples
pH
(–)
Salinity
(%)
TDS
(mg/L)
Cl-
(mg/L)
SO4
2-
(mg/L)
HCO3
-
(mg/L)
Na? ? K?
(mg/L)
Mg2?
(mg/L)
Ca2?
mg/L
2001 47 7.92 1.82 1,349 253 594 382 244 113 92
2009 53 7.58 3.78 1,428 367 419 329 281 101 78
Change in value -0.34 1.96 79 114 -175 -53 37 -12 -14
Io
n,
 m
g/
L
Fig. 8 Comparison of major ion chemistry of shallow groundwater in
the Ejina Delta between 2001 and 2009
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northwestern China, were investigated with field observa-
tions in 2001 and 2009. The results of this paper can be
used as a reference for watershed water resources planning
and management to maintain the health and proper function
of the river in these arid regions. More specifically, the
following conclusions are made:
• The depth of the shallow groundwater table in southern
of Dalaikubu varies between 2 and 4 m. In contrast, it is
deeper in the northern region, with some sites reaching
more than 6–8 m in depth.
• Due to environmental flow controls, the shallow
groundwater level has risen by 0 to 2 m in the upper
reaches of the east tributary of the Heihe River and in
the areas of Saihantaolai—Dalaikubu.
• The chemical constituents of the shallow groundwater
show distinct spatial heterogeneity and zonality. The
major ion chemistry in the shallow groundwater
accumulates continuously from the upper reaches to
the lower reaches of the basin, and the TDS in the
groundwater increases from the periphery towards the
depocenter of the Ejina Basin. The other major anions
and cations show similar spatial patterns to the TDS.
• After the beginning of environmental flow controls in
2000, the rate of groundwater cycling in the southern of
the Ejina Delta has increased and the mineralization of
shallow groundwater, accordingly, has declined. In
contrast, the overall mineralization and salinity have
increased in the northern regions, especially in the
depocenter of the Ejina Basin.
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